Retrievals of cloud properties from satellite imagery often invoke the assumption that the fields of view are overcast when cloud-contaminated, even though a significant fraction are only partially cloud-covered. The overcast assumption leads to biases in the retrieved cloud properties: cloud amounts and droplet effective radii are typically overestimated, while visible optical depths, cloud altitudes, cloud liquid water amounts, and column droplet number concentrations are typically underestimated. In order to estimate these biases, a retrieval scheme was developed to obtain the properties of clouds for partially covered imager fields of view. The partly cloudy pixel retrieval scheme is applicable to single-layered cloud systems and invokes the assumption that clouds that only partially cover a field of view are at the same altitude as nearby clouds from the same layer that completely cover imager pixels. The properties of the retrieval are illustrated through its application to 2-km Visible and Infrared Scanner (VIRS) data from the Tropical Rainfall Measuring Mission (TRMM) for a marine stratocumulus scene. The scene was chosen because the cloud properties are typical of such systems based on an analysis of VIRS data for February and March 1998. Comparisons of properties for clouds in partly cloudy pixels and those for clouds in nearby overcast pixels reveal that the optical depths and droplet effective radii are generally smaller for the clouds in the partly cloudy pixels. In addition, for pixel-scale cloud fractions between 0.2 and 0.8, optical depth, droplet effective radius, and column droplet number concentration decrease slowly with decreasing cloud cover fraction. The changes are only about 20%-30%, while cloud cover fraction changes by 80%. For comparison, changes in optical depth and column number concentration retrieved using a threshold method decrease by 80%-90%. As long as the cloud cover in partly cloudy pixels is greater than about 0.1, uncertainties in the estimates of the cloud altitudes and of the radiances for the cloud-free portions of the fields of view give rise to uncertainties in the retrieved cloud properties that are comparable to the uncertainties in the properties retrieved for overcast pixels.
Introduction
Current methods for retrieving cloud properties from satellite imagery data commonly take a field of view to be overcast if it is found to have significant cloud contamination. Otherwise, the field of view is taken to be cloud-free. At the 2-km scale examined in this study, the majority of the fields of view are either cloud-free or overcast, and thus satisfy this approximation. Nonetheless, a substantial fraction (ϳ40%) contains broken clouds. The fraction of pixels that are partly cloudy becomes larger at the spatial resolution of imagers used to estimate global cloud properties, such as the 4-kmresolution Global Area Coverage (GAC) data of the Advanced Very High Resolution Radiometer (AVHRR) (Nakajima et al. 2001 ) and at the 6-8-km resolution of the geostationary imagery used in the International Satellite Cloud Climatology Project (ISCCP; Rossow and Schiffer 1999) , but somewhat smaller at the 1-km resolution of the Moderate Resolution Imaging Spectroradiometer (MODIS) . Based on evidence presented in section 3, the change in the frequency of partly cloudy pixels is likely to be slight in going from a spatial resolution of 1 to 8 km.
Estimates of cloud properties, such as cloud amount, visible optical depth, droplet effective radius, cloud altitude, etc., retrieved assuming that the fields of view are overcast, when in fact they are only partially covered, will be biased. Numerical simulations of the retrieval process indicate that when clouds become broken and fill only a portion of the field of view, the overcast assumption leads to optical depths that are smaller than the actual values and droplet radii that are larger (Han et al. 1994 ). Nakajima and Nakajima (1995, their Fig. 17) show retrievals for 4-km AVHRR GAC data in which some of the clouds have relatively small optical depths but relatively large droplet radii. These retrievals suggest that the clouds have unrealistically *Current affiliation: American Meteorological Society, Boston, Massachusetts.
low column droplet numbers. Some have sought to avoid such retrievals by using the spatial uniformity of emitted radiation for contiguous arrays of pixels to identify imager pixels that are overcast by layered clouds (Wetzel and Stowe 1999; Nakajima et al. 2001; Szczodrak et al. 2001; Harshvardhan et al. 2002) . In the case of 1-km MODIS observations, the co-occurrence of large droplet radius and small optical depth in some pixels has been recognized as being due to partial cloud cover within the pixels, and the quality assurance flags for such retrievals have been set to low confidence (Platnick et al. 2003) . In addition to the biases in cloud properties, since the anisotropy of the radiances are nonlinearly related to optical depth and, to a lesser extent, droplet radius, the radiative fluxes derived from the biased cloud properties will likewise be biased (Kobayashi 1993) .
In order to estimate the possible biases, a retrieval scheme has been developed for obtaining the properties of clouds that only partially cover an imager field of view. The scheme is essentially that proposed by Arking and Childs (1985) but never fully investigated. The scheme is restricted to regions that contain singlelayered cloud systems. In such regions, clouds that fail to completely cover an imager's field of view are taken to be part of the same layer, and thus at the same altitude, as nearby clouds that completely fill the field of view. When allowance is made for the partial cloud cover within imager pixels, the average optical depths and droplet effective radii for clouds in pixels that are only partially cloud covered are smaller than those of nearby clouds that completely cover the imager pixels. These characteristics seem plausible as layered clouds appear to thin and droplets appear to evaporate as the layer breaks up. Interestingly, the optical depths, droplet radii, and column droplet number concentrations for the clouds in the partly cloudy pixels depend only weakly on fractional cloud cover, suggesting that these properties remain relatively constant as cloud layers break up.
Here the retrieval scheme is briefly described and the application of the retrieval to a case representative of a single-layered marine stratocumulus system is presented. This example is used to illustrate the differences in the properties of clouds that occupy pixels that are only partially covered and those of nearby clouds that completely cover the imager pixels. The cloud properties retrieved for the partly cloudy pixels are also compared with those derived using the overcast assumption to illustrate some of the biases that arise from threshold retrievals. While the results are presented for only one case, the case was chosen to be representative of retrievals obtained through the analysis of global data.
Results of a global analysis will be presented elsewhere. Finally, the results of a sensitivity study are presented to illustrate the uncertainties in the cloud properties retrieved for the partly cloudy pixels based on realistic uncertainties in the knowledge of the layer altitude and the radiances associated with the cloud-free portions of the partly cloudy pixels. As expected, uncertainties in the retrieved cloud properties become sizable as the effect of the clouds on the observed radiances become small: when the clouds are thin, the fractional cloud cover in the pixel is small, and the layer is near the surface. Nevertheless, under most conditions, errors in the properties of the partly cloudy pixels are not unlike those expected for the properties of overcast pixels (Nakajima and King 1990; Han et al. 1994) , provided the fractional cloud cover is greater than about 0.1.
Method
The partly cloudy pixel retrieval scheme follows an approach proposed by Arking and Childs (1985) . Here, the retrieval scheme is applied to the Visible and Infrared Scanner (VIRS) data collected during the Tropical Rain Measuring Mission (TRMM). VIRS is a scanning radiometer with five spectral channels nominally centered at 0.64, 1.6, 3.7, 11, and 12 m. It has a swath of 261 pixels, a nadir resolution of 2 km, and a maximum scan angle of 45°. The retrievals are performed for orbital segments containing 520 scan lines of the VIRS imagery data. An orbital segment covers approximately 720 km ϫ 1100 km. Data from VIRS covered the Tropics, nominally 35°S-35°N. Global data for February and March 1998 have been analyzed using the partly cloudy pixel retrieval scheme, but for illustrative purposes, only results for an extensive layer of marine stratocumulus in a single orbital segment are presented.
Partly cloudy pixel retrievals include the following:
1) Scene identification is performed, in which pixels are identified as being either (a) cloud-free, (b) partly cloudy or overcast by clouds that are distributed in altitude, or (c) overcast by clouds in a welldefined layer. 2) A climatology of cloud-free radiances for the period and geographical region of interest is constructed. Cloud-free radiances are used to retrieve the properties of clouds in both overcast and partly cloudy pixels. 3) For each orbital segment an analysis of pixels identified as cloud-free is performed to deduce the radiative properties of the cloud-free background for all locations within the segment. If sufficient numbers of cloud-free pixels are unavailable for estimates of the cloud-free radiances throughout the orbital segment, then the missing cloud-free radiances are drawn from the climatology. 4) Once the cloud-free radiances are determined, cloud properties are retrieved for those pixels found to be overcast by layered cloud systems. 5) The altitudes of the layers derived from the overcast pixels are then analyzed to establish layer altitudes within mesoscale-sized subregions (ϳ50 km) of the orbital segment. 6) Cloud properties are then retrieved for the pixels found to be partly cloudy within the mesoscale-sized subregions for which a layer altitude has been determined.
Specific features of the retrieval steps are described below.
a. Scene identification
The spatial and spectral structure of the radiance fields are used to identify each pixel as being either 1) cloud-free, 2) overcast by optically thick clouds drawn from a layer with a well-defined altitude, 3) partly cloudy, or 4) partly cloudy or overcast by clouds distributed in altitude. The pixel identification scheme is a modified version of the schemes described in Coakley and Walsh (2002) and Coakley et al. (2002) . For the scene identification, orbital segments are divided into subregions that are typically 300 km on a side. The results of the identifications are saved for the central portion, typically 250 km on a side, of the subregions. The subregions are overlapped so that, ultimately, all pixels within an orbital segment are identified.
The scene identification is a standalone scheme that was designed to work for ocean regions. First, land areas are identified through pixel-scale reflectances at 0.64 m, R 0.64 , and 1.6 m, R 1.6 . A pixel is taken to be mostly land if R 1.6 /R 0.64 Ͼ 1.4. This value was derived empirically and relies on the near-infrared reflectances of vegetation being greater than the visible reflectances. Second, pixels are identified as candidate cloudfree ocean pixels if they lie within a 3 ϫ 3 pixel array of the 2-km VIRS pixels for which the standard deviation of the 0.64-m reflectance is less than 0.003 and that for the 11-m emission is less than 0.5 mW m Ϫ2 sr Ϫ1 cm, equivalent to a standard deviation of 0.3 K in the 11-m brightness temperature for pixels exhibiting emission typical of cloud-free ocean regions. As described by Coakley and Walsh (2002) and Coakley et al. (2002) , of the candidate pixels, those identified as being cloudfree ocean are those that pass 0.64-m reflectance and 11-m radiance threshold tests. For ocean regions not affected by sun glint, the maximum 0.64-m reflectance threshold is set at the 90th percentile of the distribution of reflectances obtained for the candidate cloud-free pixels and the minimum 11-m emission is set at the 10th percentile of the distribution of emitted radiances. Pixels not affected by sun glint are those for which the angle of reflection departs from that for specular reflection from a flat surface by more than 30°.
Once cloud-free pixels have been identified, candidates for pixels overcast by optically thick clouds in a layer with a well-defined altitude are taken to be those that belong to 3 ϫ 3 pixel arrays that are not cloud-free but exhibit the requisite spatially uniform emission at 11 m and for which the mean reflectance at 0.64 m is greater than the 50th percentile of the reflectances for pixel arrays that lack the requisite spatial uniformity in both the reflected and emitted radiances. Pixels that lack spatially uniform emission and reflectances are taken to be partly cloud covered. Again, as described in Coakley and Walsh (2002) , overcast pixels are identified as those that pass minimum 0.64-m reflectance and maximum 11-m radiance threshold tests and belong to a pixel array that exhibits the requisite spatially uniform emission. The 0.64-m threshold is taken to be the 5th percentile of the distribution of reflectances found for candidate overcast pixels, and the 11-m threshold is taken to be the 90th percentile of the 11-m emission for the candidate overcast pixels.
b. Analysis and climatology of cloud-free radiances
After the cloud-free pixels are identified, a "climatology" is constructed for the angular dependence of the cloud-free 0.64-m reflectances and 3.7-and 11-m radiances for the geographic region and time period of interest. This climatology supplies cloud-free radiances for orbital segments that lack sufficient cloud-free pixels to provide estimates of these radiances. For overcast pixels, cloud-free radiances are used to estimate the surface reflectance and the emission incident on the cloud from the surface and the atmosphere beneath the cloud. For partly cloudy pixels, the cloud-free radiances are also assumed to represent the radiances for the cloud-free portion of the pixel.
For the cloud-free climatology, daily means and standard deviations of the cloud-free radiances, and the number of days on which cloud-free radiances were observed, were collected in 2°ϫ 2°latitude-longitude regions for February and March 1998. For each latitude-longitude region, the statistics were binned for satellite zenith angle, in the case of the 11-m emission, and solar zenith, satellite zenith, and relative azimuth angle for 0.64-m reflectances and 3.7-m radiances. Ten-degree bins were used for solar and satellite zenith angles and 20°bins were used for relative azimuth angles. The cloud-free radiances were accumulated separately for each month.
For a particular orbital segment undergoing analysis, once scene identification is performed, pixels found to be cloud-free are used to obtain estimates of the cloudfree radiances for all locations in the orbital segment. For each 50-km-scale subregion (26 ϫ 26 array of the VIRS 2-km pixels), the 0.64-m reflectances and 3.7-and 11-m radiances for the pixels found to be cloudfree are averaged. If at least 5% of the pixels in a subregion are cloud-free, then the average of the cloudfree radiances is used in two-dimensional cubic spline fits, along the orbital track and perpendicular to the orbital track, to obtain cloud-free radiances at the 50-km scale for all portions of the orbital segment. The spline fits are used to interpolate and extrapolate estimates of the cloud-free radiances to 50-km subregions that lack sufficient numbers of cloud-free pixels. Interpolation is allowed for any number of subregions lacking cloud-free pixels that lie between subregions that contain cloud-free pixels. Extrapolation extends estimates of the cloud-free radiances only to subregions that are adjacent to and lie on the perimeter of subregions that have cloud-free pixels. If interpolation and extrapolation fail to populate all 50-km subregions of the orbital segment with estimates of the cloud-free radiances, then the cloud-free climatology is used to fill in the missing estimates.
c. Retrieval of properties for pixels found to be overcast and analysis of layer altitudes
Once the properties of the cloud-free background have been determined, retrievals are performed for the fields of view found to be overcast by optically thick clouds that are part of a layer with a well-defined altitude, as deduced from the scene identification. The overcast pixel retrieval scheme is a modified version of the scheme used in Coakley and Walsh (2002) and follows the procedures described by Han et al. (1994) . The retrievals produce visible optical depths, droplet effective radii, and cloud layer altitudes for the overcast pixels. Layer altitudes for the overcast fields of view are deduced from the surface temperature, the cloud emission temperature, and analyzed meteorological fields for the temperature and water vapor profiles used to calculate the lookup table of emitted radiances. For this study, climatological tropical mean profiles of temperature and humidity have been used in the retrievals (McClatchey et al. 1972) .
As was done with the radiances for the cloud-free pixels, the cloud altitudes derived from the overcast fields of view are analyzed on the 50-km scale to determine layer altitudes for adjacent 50-km-scale regions that contain clouds but in which the clouds fail to completely cover at least 5% of the pixels. For the cloud layer altitudes, as opposed to the cloud-free radiances, interpolation and extrapolation are arbitrarily limited to subregions that are adjacent to other subregions that have sufficient numbers of overcast pixels. For cloudfree radiances, interpolation might be extended over several 50-km-scale regions as long as the region missing cloud-free pixels is surrounded by subregions that have sufficient numbers. The arbitrary limitation in the case of layer altitudes is imposed because reliable methods for estimating layer altitudes at arbitrary distances from pixels found to be overcast await development.
In addition, for the purpose of analyzing layer altitudes, each subregion is assumed to contain only one layer. In the current scheme, two-dimensional spline fits are used to map the pixel-weighted average layer altitudes over the domain of qualifying subregions. When more than one layer is present, the layer altitude becomes the pixel-weighted average altitude of the layers. Multilayered cloud systems are fairly common for 50-km-scale regions of the ocean. Use of an average layer altitude in partly cloudy pixel retrievals in cases when multiple layers are present will lead to errors in the retrieved cloud properties. Clearly, an improvement over the current approach would be to use a simple clustering scheme, like that described by Coakley and Baldwin (1984) , to identify distinct layers within an orbital segment and then analyze the altitude of each layer separately.
d. Retrievals for partly cloudy pixels
With the retrievals for the overcast pixels performed and layer altitudes determined at the 50-km scale, retrievals of the properties for partly cloudy pixels are performed. Retrievals for partly cloudy pixels are performed only within subregions that are found to have a cloud layer. As described in the previous section, a subregion is identified as having a cloud layer if it either has a sufficient number of overcast pixels or it is adjacent to one or more subregions that have sufficient numbers of overcast pixels. The altitude of the clouds in the partly cloudy pixels is set equal to the altitude analyzed for the cloud layer within the subregion. When the subregion contains only a single cloud layer, the altitudes of the clouds in the partly cloudy pixels are likely to be close to the analyzed altitude. In subregions that contain multiple layers, the analyzed altitude is close to the pixel-weighted average of the altitudes for the pixels found to be overcast within the subregion or in the neighboring subregions. In these subregions, the analyzed altitude is unlikely to be representative of the altitudes of the clouds in the partly cloudy pixels and, consequently, the retrieved properties will be in error. For February and March 1998, approximately 70% of all 50-km-scale oceanic regions were either cloud-free or contained low-level (altitude Ͻ 4 km) clouds. Of this 70%, approximately 40%, or 30% of all 50-km-scale oceanic regions, were successfully analyzed using the procedures described here. The regions containing lowlevel clouds that could not be analyzed had sparse cloud cover. They lacked sufficient numbers of overcast pixels, either within themselves or in surrounding regions, to permit an analysis of layer altitude.
For 50-km subregions in which a cloud layer altitude has been derived, the radiances for the partially covered pixels are assumed to be given by
where A C is the fractional cloud cover for the pixel, I S is the average radiance associated with the cloud-free portion of the pixel, and I C (,R e ,z C ) is the average radiance associated with the portion of the pixel that is overcast. For the analyzed altitude, z C , I C is a function of the visible optical depth of the clouds, , and the droplet effective radius, R e . The cloud-free radiances used for the partly cloudy pixels are the analyzed radiances described earlier.
For the VIRS observations, the fractional cloud cover, visible optical depth, and droplet effective radius of the clouds in the partly cloudy pixels are adjusted until radiances calculated at 0.64, 3.7, and 11 m agree with those observed. The adjustment is iterative. First, the cloud fraction is adjusted until the 11-m radiance matches the observed radiance. Initially, the cloud is assumed to be opaque ( ϭ 64) and the effective droplet radius is taken to be R e ϭ 6 m. If the 11-m radiance for the partly cloudy pixel, I, is greater than the 11-m radiance for the cloud-free portion of the pixel, I S , then the pixel is taken to be cloud-free and no cloud properties are derived for such pixels. Based on the analysis of all VIRS data for February and March 1998, about 4% of all pixels in 50-km-scale regions that contain only low-level, single-layered cloud systems have cloud cover set to zero by the partly cloudy pixel retrieval scheme. For the example reported in the next section the fraction is 3.5%. Understandably, surface temperatures and cloud-free reflectances for the pixels initially identified as cloud-free differed from those initially identified as partly cloudy but which, through the retrieval process, were determined to be cloud-free. For the 50-km-scale subregions that contained both types of pixels, the surface temperatures and 0.64-m reflectances derived from the pixels initially identified as partly cloudy were on average 0.2 K and 0.003 higher than those derived for the pixels initially identified as cloud-free. Owing to the higher reflectances, these pixels are thought to be cloud-contaminated, but given the similarity in the distribution of emitted and reflected radiances with those obtained for pixels initially identified as cloud-free, the level of contamination is slight. Nevertheless, the contamination precludes the use of such pixels for the determination of such things as aerosol burdens and ocean color that require cloud-free conditions.
Similarly, if the 11-m radiance for a pixel that is initially identified as partly cloudy is less than the emission expected for opaque clouds that completely cover a pixel, I C ( ϭ 64, R e ϭ 6 m), then the pixel is taken to be overcast and the retrieval scheme used for overcast pixels is applied. The altitude of such pixels is recalculated in the overcast pixel retrieval scheme. In the analysis of VIRS data for February and March 1998, for the 50-km-scale regions that contained only low-level, single-layered cloud systems, 17% of the pixels had cloud cover fractions set to unity by the partly cloudy pixel retrieval scheme. For the example described in the next section, the fraction is 16.6%. As with the cloud-free pixels, understandably, the altitudes of the pixels initially identified as overcast differed from those that were initially identified as partly cloudy but which, through the retrieval process, were determined to be overcast. For the 50-km-scale regions that contained both types of pixels, the altitudes of the clouds derived from the pixels initially identified as being partly cloudy were on average 30 m higher than those of the pixels initially identified as being overcast.
For partly cloudy pixels that yield a fractional cloud cover, 0 Ͻ A C Ͻ 1, the visible optical depth is adjusted until the 0.64-m reflectance calculated for the overcast portion of the pixel matches the observed reflectance, I C (,R e ,z C ), which is derived from (1) using the current estimate of the fractional cloud cover, A C . Initially, the droplet effective radius is set at R e ϭ 6 m. The effective radius is adjusted until the reflectance at 3.7 m for the overcast portion of the pixel matches the observed reflectance. The 3.7-m reflectance of the cloud-free ocean background is taken to be zero. Thermal emission is calculated from the sea surface temperature analyzed for the subregion and the atmospheric profiles of temperature and humidity. The emission at 3.7 m for the overcast portion of the pixel is derived using the layer altitude, the optical depth of the cloud, and the current estimate of the droplet effective radius. The initial value of the droplet effective radius is used in the first iteration. The reflected radiance at 3.7 m is obtained by subtracting the emitted radiance from the total radiance, reflected plus emitted, calculated for the overcast portion of the pixel from (1).
The above steps are repeated until successive iterations fail to change the cloud fraction, visible optical depth, or droplet effective radius appreciably: | ⌬A C | Ͻ 0.05, | ⌬ | Ͻ 0.5, and | ⌬R e | Ͻ 0.2 m. Typically, convergence is achieved on the second iteration. In approximately 5% of all pixels containing clouds that satisfy the conditions for single-layered systems, the retrieval fails. The retrieval fails if the search for the properties that match the observed radiances ranges beyond the domain of the tables of precalculated radiances: 0 Յ z C Յ 6 km, 1 Յ Յ 64, and 3 Յ R e Յ 42 m.
Results
The retrieval scheme and the consequences of the retrievals are illustrated through an example. Figure 1 shows an orbital segment (261 scan spots ϫ 520 scan lines) constructed from 2-km VIRS 0.64-and 11-m radiances. Most of the orbital segment is covered by low-level marine stratus. Emission at 11 m reveals upper-level cloud systems in the upper-left corner and near the right edge of the image. The boxed region, which is selected for analysis, contains only low-level marine stratocumulus and covers an area of approximately 290 km by 650 km. It was selected because it contains nearly equal numbers of cloud-free and overcast fields of view as well as a sizeable fraction of partly cloudy fields of view. Of the 2-km VIRS pixels, 26% are cloud-free and 26% are overcast. Based on an analysis of VIRS data for February and March 1998, these frequencies are typical of the global occurrences for 50-km-scale ocean regions that contain single-layered, low-level systems. For such systems, approximately 30% of the 2-km pixels are cloud-free, 30% are overcast, and 40% are partly cloud covered. Figure 2 shows the pixel-scale fractional cloud cover, cloud visible optical depth, and cloud droplet effective radius retrieved for the boxed region in Fig. 1 using
both the partly cloudy pixel retrieval scheme and a conventional threshold scheme in which cloud contaminated pixels are taken to be overcast. For the threshold scheme, any partly cloudy pixel found to have a cloud fraction greater than 0.2 is taken to be overcast. The threshold cloud cover fraction for the region is 0.67. For comparison, applying the temperature and visible radiance thresholds prescribed for ISCCP (Rossow and Garder 1993) to the scene produces a cloud cover fraction of 0.64. The fractional cloud cover obtained with the partly cloudy pixel retrieval is 0.57. The threshold retrievals are appropriate for pixels that are overcast and for pixels that are cloud-free. Where pixels are only partially covered, the cloud cover fraction obtained with the threshold is, of course, overestimated, the optical depth is underestimated, and the droplet effective radius is overestimated. This outcome was predicted by Han et al. (1994) . Figure 3 shows the pixel-scale distribution of fractional cloud cover. A feature of the partly cloudy pixel retrieval scheme not shared by threshold schemes is that the regional-scale and even the pixel-scale cloud fraction is relatively insensitive to the spatial resolution of the instrument. In the case shown, VIRS observations were averaged for 3 ϫ 3 arrays of the 2-km pixels to form 6-km-scale radiances. The averaged radiances were then used to retrieve the cloud properties. As expected, at the 6-km scale, the frequencies of cloud- free and overcast pixels decrease and the frequency of partly cloudy pixels increases, but the changes are slight, suggesting that in going from the 2-km VIRS pixels to the 1-km MODIS pixels, the changes in frequencies will likewise be small. The partly cloudy pixel retrieval scheme gives a cloud fraction of 0.57 for the 2-km observations and 0.58 for the 6-km observations. For the threshold retrievals, the regional cloud cover is 0.67 for the 2-km radiances and 0.72 for the 6-km radiances if the thresholds used in the retrieval scheme are adjusted for the 6-km data. In other words, following rules like those employed to create the ISCCP thresholds, going from an instrument that has a resolution of 2 km to an instrument having a resolution of 6 km will give rise to a modest increase in cloud cover fraction, depending, as discussed below, on the population of partly cloudy pixels at the two spatial scales. If, on the other hand, the threshold results were checked for sensitivity to spatial resolution in the same manner that the partly cloudy pixel retrieval is checked, the thresholds derived for the 2-km data would be applied to 6-km pixels and the resulting cloud cover fraction would be 0.82. Of course, the departure in the threshold results depends on the structure of the clouds within the region (Coakley 1987) . If the clouds were distributed so as to create larger percentages of cloud-free and overcast pixels at the 6-km scale, then the departure would decrease; conversely, if the clouds were distributed so as to create smaller percentages of cloud-free and overcast pixels at the 6-km scale, then the departure would increase. At the pixel scale, the partly cloudy pixel retrieval scheme gives cloud fractions for the 6-km pixels that are within an rms difference of 0.09 in cloud cover fraction as derived by averaging the cloud cover fractions obtained for the 2-km retrievals. Figure 4 shows optical depths for overcast and partly cloudy pixels. The figure shows the results of the threshold retrievals (dashed-dotted line) only for those pixels identified as being partly cloud covered by the partly cloudy pixel retrievals. For the pixels identified as overcast, the threshold and the partly cloudy pixel retrievals produce identical properties. For the partly cloudy pixels, assuming that the pixels are overcast, when they are only partially covered, gives rise to optical depths that are smaller than those obtained with the partly cloudy pixel retrieval. Figure 5 shows the optical depths of clouds for pixels having a given fractional cloud cover. Results are shown for both the partly cloudy pixel retrievals (solid curve) and threshold retrievals (dashed line). In the figure the symbols represent the means of the optical depths for the given fractional cloud cover interval and the error bars represent the range of optical depths for pixels with fractional cloud cover falling within 0.05 intervals of the FIG. 2. Pixel-scale cloud fraction, cloud optical depth, and effective droplet radius retrieved while accounting for fractional cloud cover in the 2-km fields of view (partly cloudy) and by applying a threshold retrieval for which the field of view is taken to be overcast if the pixel-scale cloud fraction is greater than 0.2 (threshold). The retrievals are for the boxed region shown in Fig. 1 . The retrieved properties are shown overlying the grayscale image of the 0.64-m reflectances in the case of cloud cover and optical depth and overlying the grayscale image of the 3.7-m radiance in the case of effective radius. The grayscale portions of each image identify cloud-free pixels.
a. Fractional cloud cover

b. Optical depth
fractional cover. The error bars extending downward from the average values depict the root-mean square of the departure of the optical depths from the average for those values that fell below the average. Likewise, the error bars extending upward from the average values depict the corresponding root-mean square of the departures for the optical depths that were above the average value. The error bars are shown only for the partly cloudy pixel retrievals. The ranges obtained with the threshold retrievals are comparable. The figure shows that the optical depths of the clouds in the partly cloudy pixels are relatively insensitive to pixel-scale cloud cover fraction for 0.1 Ͻ A C Ͻ 0.5. The rapid rise in optical depth with cloud fraction for A C Ͻ 0.1 is unrealistic. As will be discussed in section 4, uncertainties in the retrieved cloud properties become large as the pixel-scale cloud cover becomes small. For A C Ͼ 0.5 the optical depth slowly grows with increasing pixelscale cloud cover fraction. Part of this growth is undoubtedly due to the thickening of the clouds in regions where cloud cover becomes extensive. The rapid rise in optical depth for A C Ͼ 0.9 may also be due to threedimensional radiative transfer effects. As the separation between the clouds becomes comparable to the cloud thickness, radiation escaping through the sides of clouds has a high probability of being scattered upward by nearby clouds, thereby contributing significantly to the reflected radiances (Welch and Wielicki 1985) . In any case, for 0.2 Ͻ A C Ͻ 0.8, the optical depth changes little as the fractional cloud cover changes by a factor of 4. Here the relative difference in a cloud property, such as optical depth, is used as a measure of the change for a given change in pixel-scale fractional cloud cover. For optical depth, the relative difference is the difference in the optical depths for the two distinct cloud cover fractions divided by the average of the two optical depths. The relative difference in optical depths between pixels with cloud cover 0.2 Ͻ A C Ͻ 0.4 and those with 0.6 Ͻ A C Ͻ 0.8 is 19%. For threshold retrievals the relative difference is 83%. The relative change in the cloud cover fraction is 80%. Figure 6 shows droplet effective radius for overcast and partly cloudy pixels. Based on the results of the partly cloudy pixel retrievals, the droplet effective radius is smaller for the clouds in the partly cloudy pixels. The threshold retrievals, on the other hand, give a droplet effective radius that is even larger than that obtained for the overcast pixels. The relative magnitudes of the threshold-derived droplet effective radius for the partly cloudy and overcast fields of view depend, of course, on the structure of the clouds within the region. In particular, if the clouds are sufficiently optically thin, then the threshold-derived droplet effective radius will be smaller for the partly cloudy pixels, as is illustrated in Nakajima and Nakajima (1995, their Fig. 17) . Figure 7 shows that the droplet effective radius for clouds within partly cloudy pixels decreases with decreasing pixel-scale cloud cover fraction, but the change in droplet size is small. The relative difference in droplet effective radius between pixels with cloud cover 0.2 Ͻ A C Ͻ 0.4 and those with 0.6 Ͻ A C Ͻ 0.8 is 20%. For threshold retrievals the relative difference is only 2%, but the droplet radii for pixels with the smaller cloud cover fractions are larger than those with the larger cloud cover fractions. Figure 8 shows cloud liquid water paths for overcast and partly cloudy pixels. The liquid water path, W, is taken to be given by
c. Droplet effective radius
d. Cloud liquid water path
where ϭ 1 g cm Ϫ3 is the density of water. In the partly cloudy pixels, the threshold-derived optical depths are smaller but the droplet effective radii are larger than those obtained with the partly cloudy pixel retrieval. The net result is that the threshold-derived liquid water path is closer to the value given by the partly cloudy pixel retrieval than is the case for either optical depth or droplet radius. Nevertheless, the threshold-derived liquid water path for the partly cloudy pixels is 10% less than is estimated with the partly cloudy pixel retrieval. Figure 9 shows that the pixel-scale cloud liquid water path, like the optical depth and droplet effective radius, is relatively insensitive to pixel-scale cloud cover fraction for A C Ͻ 0.5. The relative difference in liquid water path between pixels with cloud cover 0.2 Ͻ A C Ͻ 0.4 and those with 0.6 Ͻ A C Ͻ 0.8 is 47%. For threshold 
retrievals the relative difference is 85%. Owing to the increase of both optical depth and droplet effective radius with cloud cover fraction for A C Ͼ 0.5, the liquid water path is more sensitive than either the optical depth or the droplet effective radius to the cloud cover fraction. The range of possible values for the liquid water path, as indicated by the size of the error bars in Fig. 9 , also increases as the liquid water path itself increases.
e. Column droplet concentration
In models of cloud formation through adiabatic ascent, the volume droplet number concentration remains constant as droplet radius and liquid water concentration increase with altitude above cloud base. The constancy of droplet number concentration with altitude has been found in aircraft observations of lowlevel marine clouds, and for localized regions, retrievals of the column droplet number concentration for pixels overcast by low-level stratus has been found to be relatively constant (Brenguier et al. 2000; Szczodrak et al. 2001) . Figure 10 shows column droplet number concentration and pixel-scale fractional cloud cover. In this study the column number concentration is approximated by
where n is the volume droplet concentration and L is the thickness of the cloud. As with the optical depths, retrievals of droplet number concentrations become unreliable when the contribution of the overcast portion of the pixel to the observed radiance becomes small, as when cloud cover fractions become small, A C Ͻ 0.2. The results show that for pixels with sufficient cloud cover, A C Ͼ 0.2, the column droplet number concentration is relatively insensitive to the pixel-scale cloud fraction. The relative difference in column number concentration between pixels with cloud cover 0.2 Ͻ A C Ͻ 0.4 and those with 0.6 Ͻ A C Ͻ 0.8 is 32%, with the number concentration being larger for the pixels 12 with the smaller cloud cover fraction. For threshold retrievals the relative difference is 90%, with the pixels having the greater fractional cloud cover having almost 3 times the number concentration of those with the smaller fractional cloud cover. While the results shown in Figs. 5, 7, 9, and 10 summarize trends for the entire boxed region in Fig. 1 , similar results hold for the 50-km-scale subregions within the box. As low-level marine clouds break up, optical depth, droplet effective radius, and column number concentrations vary little with fractional cloud cover for 0.2 Ͻ A C Ͻ 0.8 within the 2-km pixel scale. Figure 11 shows distributions of the cloud altitudes derived using both the partly cloudy pixel and threshold retrievals. Because the altitudes of the partly cloudy pixels are taken to be the same as those of nearby overcast pixels, the altitudes attributed to the partly cloudy pixels in the partly cloudy pixel retrievals are nearly identical to those derived for the overcast pixels. The altitudes for the overcast pixels are slightly higher because the layer altitudes used in the partly cloudy pixel retrievals are derived only from those pixels found to be overcast by the scene identification scheme. As was noted in the previous section, once layer altitudes have been determined for the 50-km subregions within an orbital segment, some of the pixels originally identified as being partly cloudy will be treated as overcast when the 11-m radiance of the pixel is less than that expected for opaque clouds completely covering the pixel. The altitudes of these clouds are generally greater than the altitude assumed for the partly cloudy pixels within the subregion. The altitudes derived using the threshold method are generally smaller than the layer altitude assumed for the partly cloudy pixel. In the threshold scheme, the pixel is taken to be overcast, even when it is not. Consequently, the large emission from the cloudfree portion of the pixel is taken to be evidence that the cloud is at an altitude below its actual altitude. This behavior is sometimes masked by binning clouds into altitude ranges. In ISCCP, for example, cloud altitude is associated with a pressure level and clouds are placed into three broad ranges of pressure associated with low-, middle-, and upper-level clouds.
f. Cloud altitude
g. Regional averages
Of course, differences between the properties derived using the partly cloudy pixel and threshold retrievals become small when the results for the partly cloudy pixels are averaged with those for the overcast pixels. The regional average cloud optical depth is given by
where the sums are over the cloud-contaminated pixels. For the partly cloudy pixel retrievals A C is the pixelscale fractional cloud cover. For the threshold retrievals A C ϭ 1. Similar expressions are used to obtain regional estimates of the droplet effective radius, cloud altitude, liquid water path, and column droplet number concentrations. Dividing the boxed region in Fig. 1 into 50-km-scale subregions yields differences between the partly cloudy pixel and threshold retrievals (threshold Ϫ partly cloudy) of Ϫ1.3 Ϯ 1.2 (mean Ϯ standard deviation) for cloud optical depth, 0.9 Ϯ 0.7 m for droplet effective radius, Ϫ11 Ϯ 12 g m Ϫ2 for liquid water path, and Ϫ2.0 Ϯ 1.3 ϫ 10 5 cm Ϫ2 for the column droplet number concentration. The average cloud properties derived for the partly cloudy pixel retrieval are 7.5 for optical depth, 12.8 m for droplet effective radius, 71 g m Ϫ2 for liquid water path, and 8.2 ϫ 10 5 cm Ϫ2 for the column droplet number concentration. These results are consistent with the suggestion made by Rossow et al. (2002) that thresholds applied to radiances at the 3-5-km scale should be adequate for determining regional estimates of cloud properties. Nevertheless, biases are clearly detectable, and at these levels, the differences between the partly cloudy pixel and thresholdderived regional average cloud properties, even with the partly cloudy properties weighted by the fractional cloud cover, become appreciable fractions of the region-to-region variability. For the case under study the standard deviations of the average properties for the 50-km-scale subregions are 3.0 for optical depth, 3.3 m for droplet effective radius, 44 g m Ϫ2 for liquid water FIG. 11 . Same as Fig. 4 but for cloud altitude.
path, and 4.2 ϫ 10 5 cm Ϫ2 for column droplet number concentration.
An advantage of the proposed partly cloudy pixel retrieval scheme is that it facilitates the comparison of cloud properties for clouds in fields of view that are only partially covered with those in nearby fields of view that are overcast. For example, for the region under study, average differences in optical depths, droplet effective radii, cloud liquid water path, and column droplet number concentration between clouds in partly cloudy pixels and those in nearby overcast pixels can be inferred from the results shown in Figs. 4-10 . Such information could prove useful in developing cloud models such as, for example, the large eddy simulation model described in Stevens et al. (1998) .
Sensitivity of cloud properties to uncertainties in cloud altitude and cloud-free radiances
The properties of clouds that only partially cover an imager pixel are subject to uncertainties in the radiances attributed to the cloud-free portion of the pixel and in the altitude taken for the cloud layer. Examples of the sensitivity are shown in Fig. 12 . The results in the figure were generated using radiances simulated for a partly cloudy pixel. The clouds in the pixel were given a visible optical depth, ϭ 7.5, and an effective radius, R e ϭ 12.8 m, the average values for the clouds in the boxed region of Fig. 1 . The cloud cover fraction was taken to be A C ϭ 0.5, and the altitude was taken to be z C ϭ 2 km. Radiances were then generated using a range of cloud altitudes, 1.5 km Յ z C Յ 2.5 km, surface temperatures, 289 K Յ T S Յ 295 K, and a surface reflectance at visible wavelengths for cloud-free regions, 0.01 Յ r S Յ 0.05. In the retrievals, the cloud altitude was assumed to be z C ϭ 2.0 km, the surface temperature was assumed to be T S ϭ 292 K, and the surface reflectance for cloud-free regions was assumed to be r S ϭ 0.03. The symbols in the figure give the assumed cloud altitude, surface temperature, and surface reflectance for cloud-free regions and the actual cloud optical depth, droplet effective radius, and fractional cloud cover used to simulate the radiances. The curves give the retrieved optical depth, droplet effective radius, and cloud cover fraction. Clearly, errors in surface temperature and cloud layer altitude have the largest effect on the retrieved cloud properties. Errors in the surface reflectance largely affect only the retrieved cloud optical depth. In the partly cloudy pixel retrieval, errors in the contribution of the cloud-free portion to the pixel radiance lead to errors in the reflectance estimated for the overcast portion and, consequently, to errors in the retrieved optical depth. The errors in cloud optical depth affect only slightly the radiative properties of the cloud at 3.7 and 11 m and thus have little effect on the retrieved droplet effective radius and the fractional cloud cover.
The results in Fig. 12a show that, as expected, if the altitude assumed for the layer is too low, cloud cover fraction will be overestimated and, consequently, as is the case with threshold methods that assume a pixel to be overcast, when it is only partly cloud covered, cloud optical depth will be underestimated and droplet effective radius will be overestimated. The same trends occurs if the surface temperature is assumed to be too low. The opposite trends hold if cloud altitude is assumed to be too high or the surface temperature is assumed to be too high.
The ranges of errors assumed for cloud altitude, surface temperature, and surface reflectance shown in Fig.  12 are well beyond those expected for single-layered cloud systems within 50-km-scale regions. On the other hand, even with small errors in the assumed cloud altitude, surface temperature, and surface reflectance, the uncertainties in the retrieved cloud properties will be sizable when the effects of the clouds on the pixel-scale radiances are small. The effects are small when the cloud cover fraction is small, when the clouds are thin, and when the clouds are at low altitudes just above the FIG. 12 . Sensitivity of retrieved cloud optical depth (solid line), droplet effective radius (dashed line), and cloud cover fraction (dotted line) for partly cloudy pixels to actual values of (a) cloud altitude, (b) surface temperature, (c) and surface reflectance. The values assumed for the retrievals are z C ϭ 2 km, T S ϭ 292 K, and r S ϭ 0.03, as indicated by the symbols. The cloud properties used to generate the radiances on which the retrievals were based are optical depth, ϭ 7.5; droplet effective radius, R e ϭ 12.8 m; and fractional cloud cover, A C ϭ 0.5, also indicated by the symbols. The optical depth and droplet effective radius are equal to the averages for the clouds in the boxed region of Fig. 1 . The radiances and retrievals were performed for a solar zenith angle of 56°, a satellite zenith angle of 25°, and a relative azimuth angle of 100°, which are approximately equal to the averages for the boxed region in Fig. 1. surface. Under such conditions small errors in the assumed cloud-free radiances and layer altitudes can lead to large errors in the retrieved cloud properties. An assessment of these errors was undertaken by imposing randomly selected values of the cloud-free radiances and cloud layer altitudes for a large ensemble of partly cloudy pixels. Pixels initially identified as being partly cloudy but through the retrieval process were found to be overcast or cloud-free were included in the sensitivity study. As the errors in the cloud properties are sensitive to the fractional cloud cover within the pixel and, of course, to the properties of the clouds as well, the ensemble of cases included 30 randomly selected 50-km-scale regions that contained only a single layer of low-level clouds. The ensemble members spanned a wide range of cloud conditions, from nearly overcast to nearly cloud-free, from optically thick to optically thin clouds, and from relatively high-altitude clouds (z C ϳ 4 km) to low-altitude clouds (z C ϳ 0.5 km). Uncertainties in cloud-free radiances typical of the 50-km scale were derived from large-scale cloud-free regions. For the 50-km scale, a typical standard deviation for the 0.64-m cloud-free reflectance was 0.002 and that for the sea surface temperature was 0.4 K. Because the 3.7-m reflectance of the cloud-free ocean is taken to be zero for the retrieval of cloud properties, the uncertainty in the reflectance was also taken to be zero. The uncertainties in cloud-free emission at 3.7 and 11 m were calculated by allowing the sea surface temperature to vary within its range of uncertainty. Likewise, a typical value for the uncertainty in layer altitude was derived from regions that were largely overcast. At the 50-km scale a typical standard deviation in altitude for single-layered cloud systems was found to be 100 m. The cloud-free visible reflectance, sea surface temperature, and layer altitudes were represented as randomly distributed Gaussian distributions with the specified standard deviations and zero means. For each of the randomly selected 50-km-scale subregions, 400 simulations of the retrievals were performed for all pixels and the results composited. Figure 13 summarizes the uncertainties in pixel-scale fractional cloud cover, visible optical depth, and droplet effective radius for the ensemble. The results are binned for 0.2 intervals in the pixel-scale cloud cover and represent the mean and standard deviations arising from the uncertainties in the cloud-free reflectances, sea surface temperatures, and layer altitudes. The uncertainties show small but significant biases. Cloud fraction is confined to the interval 0 Յ 〈 C Յ 1. When the uncertainties in layer altitude, sea surface temperature, and 0.64-m reflectances combine to affect the cloud fraction of pixels that are mostly cloudy (A C Ͼ 0.8), the maximum value the cloud cover can take is unity. When the cloud cover is overestimated, departure of the estimated cloud cover from the actual value is small compared with the departures for cases in which the cloud cover is underestimated. The range of the cloud cover allowed in instances of underestimating cloud fraction outweigh the overestimates, and on average the cloud cover is underestimated for pixels that are mostly cloudy. The bias, however, is small, less than 0.02 in fractional cover. A similar positive bias would probably arise for the nearly cloud-free pixels, but as will be discussed in a later paper, the results obtained thus far are sparsely populated by regions that are nearly cloudfree. The sparse population stems from the avoidance of regions that lack sufficient numbers of overcast pixels to allow for a reliable estimate of cloud layer altitudes. Consequently, numerous large-scale regions with sparse cloud cover, even at the pixel scale, have not been analyzed with the current scheme. Standard deviations in the estimated cloud fractions are, of course, largest for the midranges of pixel-scale cloud fraction. At the midranges, the average departure from the existing cloud fraction reaches maximum values. Nonetheless, the pixel-scale standard deviation is typically less than 0.1. FIG. 13 . Uncertainties (mean and std dev) in (a) pixel-scale cloud cover, (b) visible optical depth, (c) and droplet effective radius due to uncertainties in cloud-free 0.64-m reflectance, sea surface temperature, and cloud layer altitudes typical of 50-km-scale regions. The uncertainties are given for 0.2 intervals in the pixel-scale fractional cloud cover. Figure 13b shows that the optical depths retrieved for clouds that only partly cover a field of view are likewise biased. Generally, as is expected on the basis of theoretical considerations like those presented by Han et al. (1994) , when the cloud cover is overestimated, the optical depth is underestimated and vice versa. The biases, however, are small, less than 0.5. Likewise, the standard deviation of the pixel-scale estimates of optical depths is acceptably small, | ⌬ | Ͻ 2, as long as the clouds in the pixel have an appreciable effect on the radiance. As cloud fraction becomes small, the uncertainty increases. For cloud cover fractions less than 0.1, the uncertainty becomes comparable to the standard deviation of the distribution of optical depths for clouds that only partially fill a field of view.
The uncertainties in the droplet effective radii retrieved for clouds that only partially cover a field of view show much the same pattern in Fig. 13c as those for the optical depths in Fig. 13b . As with the optical depths, the biases follow the expected pattern. When the optical depth is underestimated, the droplet effective radius is overestimated. For the droplet effective radii, however, the biases are essentially negligible, less than 0.1 m. The standard deviation of the pixel-scale uncertainty in effective droplet radius is generally less than 1 m, but as with the uncertainties in the optical depth, those in the droplet effective radius grow as the fractional cloud cover in the pixel decreases. For cloud fractions less than 0.1, the standard deviation of the uncertainties becomes comparable to the standard deviation of the distribution of droplet effective radius for clouds that only partially cover a pixel.
In summary, uncertainties in the properties retrieved for clouds that only partly cover an imager pixel are acceptably small in that pixels with detectable cloud cover, say in the range 0.2 Ͻ A C Ͻ 0.4, can generally be distinguished from both cloud-free pixels and from pixels in which the cloud cover ranges from 0.6 Ͻ A C Ͻ 0.8, which in turn can also be distinguished from pixels that are overcast.
Conclusions
The approach suggested by Arking and Childs (1985) has been implemented to retrieve the fractional cloud cover, visible optical depth, and droplet effective radius of clouds that only partially cover the field of view of an imager. Here the scheme is applied to 2-km imagery collected with VIRS for TRMM. The scheme is limited to single-layer cloud systems. It assumes that the clouds that only partially cover an imager pixel are at the altitude of the layer and that the layer altitude is derived from the altitudes obtained from nearby pixels that are overcast by clouds in the same layer.
A comparison of the results obtained with the partly cloudy pixel retrieval and those obtained from a typical threshold retrieval, in which all cloud-contaminated pixels are taken to be overcast, reveals the types of biases expected for threshold retrievals: cloud cover fraction and droplet effective radius are often overestimated, while cloud optical depth, cloud altitude, liquid water path, and column droplet number concentration are underestimated. Comparison of the properties of the clouds for the partly cloudy pixels with those for clouds in nearby pixels that are overcast reveals that the visible optical depths, droplet effective radii and, consequently, cloud liquid water paths are all generally smaller for the clouds in the partly cloudy pixels. Nevertheless, for pixel-scale cloud fractions 0.2 Ͻ A C Ͻ 0.8, the visible optical depths, droplet effective radii, and column droplet number concentrations decrease slowly with decreasing pixel-scale fractional cloud cover. Within 50-km-scale regions the properties of marine stratus and stratocumulus remain remarkably constant as the layer breaks up, with relative decreases in optical depth, droplet radius, and column number concentration on the order of 20%-30% for relative changes in cloud cover fraction of order 80%. As both optical depth and droplet effective radius decrease with decreasing cloud cover fraction, cloud liquid water path proves to be somewhat more sensitive than optical depth, droplet radius, or column droplet number concentration to pixel-scale fractional cloud cover.
The retrieved cloud properties were also investigated for their sensitivity to uncertainties in cloud-free radiances as drawn from the variability of the radiances for large cloud-free ocean scenes and uncertainties for cloud layer altitudes as drawn from the variability of altitude for large overcast scenes. Except for small pixel-scale cloud cover fractions, A C Ͻ 0.1, uncertainties in the retrieved cloud properties prove to be relatively small: | ⌬A C | Ͻ 0.1, | ⌬ | Ͻ 2 and | R e | Ͻ 2 m. Consequently, pixels with distinct ranges of cloud cover fraction, for example, cloud-free, 0.2 Ͻ A C Ͻ 0.4, 0.4 Ͻ A C Ͻ 0.6, 0.6 Ͻ A C Ͻ 0.8, and overcast, are distinguishable.
